Introduction

Translation
Gene expression comprises a series of complex and tightly regulated events, starting with transcription and ending with protein synthesis. In a simple model, translation initiation of messenger RNA begins when the cap-binding protein complex is recruited to the cap complex. This complex then scans the 5'UTR of the messenger RNA in a 5ʹ to 3ʹ direction until a start codon is recognised and synthesis is initiated (reviewed in depth by Jackson et al. 1 ); the process of translation then progresses through three stages: initiation, elongation, and termination. The cap-binding complex that forms at the initiation step is an assembly of a multitude of translation initiation factors, while the 5'-untranslated region (5'UTR) may differ in length, possess features such as tertiary structures, upstream open reading frames (uORFs) and RNA proteinbinding sites [2] [3] [4] . Importantly, each feature may act as a regulatory element independently enhancing or repressing the rate of protein synthesis (see Jackson et al. 1 ). Transcription and mRNA processing can be a lengthy process; therefore regulation of gene expression at the point of transcription may be insufficiently rapid to function as a responder to a stimuli or stress. One hypothesis suggests that the cell can overcome this constraint by transcribing reservoirs of inactive messages that remain dormant awaiting translational activation only when protein is required-an idea supported by data showing that mRNA levels only partly correlate with protein levels 5 . This model allows for transcripts to be 'activated', then proteins rapidly synthesised from stored templates. It is unsurprising that most detailed investigations into the regulation of translation have focussed on the area of stress responses, where the rate of protein manufacture may directly determine cell survival. However, recent research has also identified this step in the gene expression pathway to be a key stage of control in the manufacture of proteins linked with the pathology of progressive neurodegenerative conditions such as Alzheimer's disease (AD). The aim of this review was to discuss new and exciting research that identifies putative mechanisms of regulation of proteins associated with AD.
Discussion
The authors have referenced some of their own studies in this review. The protocols of these studies have been approved by the relevant ethics committees related to the institution in which they were performed. Other proteins function to stimulate or modify translation initiation indirectly. The neuronal specific RNA-binding protein HuD has been demonstrated to act as a modifier of translation and may directly enhance the activity of the translation initiation factor eiF4A 23 . Importantly, it has been identified that among those specific mRNA transcripts bound and regulated by HuD, a surprising number of messages that associate with AD pathology may be positively or negatively regulated by this protein (e.g. tau and actylcholinesterase 24, 25 ). 4EB-PB inhibits translation by binding to eif4E. This protein has also been shown to suppress global translation under stress and that the levels of this molecule may direct the levels of tau protein 26 . This hints at a complex web of protein/RNA interactions that underpin the progression of AD via multiple interacting pathways. It is interesting to note that we were able to demonstrate that the synthesis of a number of proteins that drive the progression of AD can be suppressed by small-molecule inhibitors of translation 27 and where tested that this class of inhibitor is well tolerated in mice 28 .
Translation-regulation in the amyloid pathway
The levels of key proteins linked with AD pathology may be regulated post-transcriptionally. Transcripts of the amyloid pathway genes such as amyloid precursor protein (APP), beta secretase (BACE1), and presenilin-1 (PS1) possess 5'UTR regulatory features that include, but are not limited to, uORFs, iron response model to describe exactly how regulators such as BC200 may affect disease pathology. New research is starting to explore the function of these endogenous inhibitors of translation initiation within CNS cells and, by extension, may explain their role in diseases such as AD. Mice knockout for the snRNA inhibitor BC1 (BC200 orthologue) exhibits hyper-excitability, whereas mice overexpressing eif4e show abnormal synaptic plasticity in the hippocampus, a region implicated in the early stages of AD 15 . It is interesting to note that neuronal hyper-excitability amplifies the synaptic release of Aβ (see Noebels
16
) and low levels of amyloid enhance synaptic plasticity 17 . It could be speculated that given the role of amyloid in synaptic connectivity, the cell faced with the challenge of toxic amyloid and increased neuronal cell death chooses to increase neuronal outgrowth to form new connections and by doing so stimulates the amyloid pathway, thereby creating a pathogenic feedback loop. It is less speculative, however, to suggest that translation is a key step in the regulation of dendritic protein synthesis 7, 18 . Intriguingly, research has identified elevated levels of PDCD4 in postmortem AD brain tissue 13 , although it is unclear from the wider data currently available if this is an attempt by AD-afflicted cells to assert additional control over the proteome via inhibition of the translation initiation factor eIF4a or if this is an aberrant overexpression of PDCD4 that exacerbates or worsens disease symptoms. The microRNA (miR21) that regulates PDCD4 is also deregulated in response to AD amyloid-beta 19 and may either directly or indirectly promote neurite outgrowth 20 . In experiments conducted using primary mouse microglial cells, the prostaglandin 15d-PGJ2 blocked the elevation of amyloid-beta-induced proinflammatory cytokines 
. Recent research has identified that aberrations in translation are not trivial and may profoundly affect a range of neurological functions within the brain 6 . Deregulation of the translation initiation machinery (e.g. proteins such as eIF4e) has been linked to the development of autism spectrum disorder, aberrant memory formation and CNS disease such as amyotrophic lateral sclerosis and fragile X syndrome 8, 9 (see Liu-Yesucevitz et al. 6 ). Given the proven links between the machinery that regulates protein synthesis and a diverse range of complex diverse neurological processes such as memory consolation, it is unsurprising that aberrant control of translation has been implicated in a number of different complex polygenic neurodegenerative diseases.
Potent regulators of translation are now known to be active within the brain. Small-molecule inhibitors such as the prostaglandin 15d-PGJ2 and short non-coding RNAs (e.g. BC200 or the protein PDCD4 [10] [11] [12] ), all function to regulate the proteome via a selective inhibition of translation. Importantly, new research has identified that the levels of a number of these endogenous inhibitors link with the pathology of some CNS diseases such as AD (e.g. PDCD4 and BC200 13, 14 ), and although it is tempting to hypothesise that this link is a direct consequence of the deregulation of the synthesis of individual proteins associated with AD such as amyloid, as yet there is no definitive Competing interests: none declared. Conflict of interests: none declared.
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(general control non-derepressible-2) phosphorylates eif2a, thereby modifying global translation as a stress response to promote cell survival 40 . Importantly, this links with the recent work discussed above by Mouton-Liger et al.
32
, which suggests that eIF2-alpha phosphorylation may drive the translation of BACE1, the beta secretase responsible for cleaving the APP into the toxic amyloid pathway. DNA damage may therefore drive a negative feedback loop in which aberrant phosphorylation resulting from DNA damage drives toxic amyloid processing, which in turn results in DNA damage via oxidative stress induced by toxic amyloid. Also, the phosphorylation of e4E-BP and the action of the kinase ATR both impact on synaptic plasticity and may also contribute to AD pathology, although further research will be required to establish how these pathways intercede.
Conclusion
This new research discussed in this article identifies both a stimulant and a putative mechanism for the enhanced translation of AD-associated proteins. This research hints at a complex interplay between translation regulation, cell stress and various cell stress and DNA damage response pathways. We previously identified that selectively inhibition of translation at the point of translation initiation may provide a viable strategy for reducing the levels of proteins negatively associated with AD while also providing some protection against oxidative stress; this new research further supports the idea that a small molecule that can selectively control protein manufacture via modulation of translation may represent a new and dynamic therapeutic avenue for the treatment of diseases such as AD. Although there is growing research to support the rational for this strategy for treatment, there is as yet no ready supply of a non-toxic selective increases the level of eIF2-alpha phosphorylation during the cellular response DNA damage 31 . This new research identifies an exciting new link between oxidative stress and the regulation of amyloid processing, which requires further investigation.
Translation as a point of control in DNA damage pathway Proteins negatively associated with AD pathology elicit many damaging intracellular effects within neuronal cells. Exposure to toxic amyloid beta induces DNA damage and mitochondrial dysfunction (reviewed by Mao and Reddy
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), while facets of the DNA damage response pathway such as Chk1 and Chk2 may drive the aberrant phosphorylation of tau 35 . Like other stress responses, the global regulation of translation following a DNA-damaging stress has been demonstrated to be critical to cell survival 31, 36 . In order to maintain the expression of DNA repair genes, translation is reprogrammed to allow for the selective manufacture of DNA damage-specific proteins which allows specific mRNAs to be translated while other messages become translationally inactive (reviewed by Kondrashov et al.
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). Cells respond to DNA damage through the activation of a multitude of pathways that directly and indirectly control the regulation of posttranscriptional gene expression (see Kondrashov et al. 37 ); however, new research suggests that this mechanism may inadvertently impact on the synthesis of AD-associated proteins and synaptic plasticity. In order to promote cell survival, kinases such as DNA-PK regulate protein synthesis during UV-induced DNA damage 36 . Another 'master' kinase ATM can directly phosphorylate e4E-BP 38 interfering with translational initiation, while ATR kinase has been shown to be involved in regulation of mRNA splicing and polyadenylation 39 . In response to DNA-damaging stresses such as UV, the kinase GCN2 elements, translational enhancers and RNA-binding sites (see Chatterjee and Pal   29 ). These sequences have a profound effect on the ultimate levels of these proteins and may be exploited by the cell as a means of co-ordinating the expression of the amyloid pathway.
It is now widely accepted that the transcription, synthesis and processing of APP into the toxic amyloidbeta 42 (abeta42) protein can all be directly and indirectly influenced by different cell stressors; new research however identifies a previously unreported stimulatory effect of oxidative stress on the synthesis of APP. Oxidative stress can induce APP promoter demethylation, elevating transcription of APP mRNA
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. This same stress may indirectly promote the cleavage of APP into the toxic amyloid pathway 31 , and it is logical that oxidative stress also drives the translation of APP. Although this suggests that APP transcription, translation and processing are a tightly co-ordinated process, it has yet to be established precisely how APP translation is upregulated. It is, however, known that the translation of BACE1, an enzyme that functions to process amyloid beta into toxic abeta 42, is also enhanced by oxidative stress32, a process mediated by an uORF located within the 5'UTR of the BACE1 mRNA. This uORF feature leads to the up-regulation of BACE1 translation upon the phosphorylation of the translation factor eif2-alpha (eif2a)32. For most mRNAs, the phosphorylation of eif2a is a stress-induced signal intended to reduce protein synthesis (reviewed by Yamasaki and Anderson33); however, unusually in this instance, phosphorylation of eif2a stimulates beta secretase synthesis. Also, as abeta42 causes oxidative stress within the cell, it is possible to envisage a feedback loop where oxidative stress drives not only the transcription and cleavage of APP but also the translation of APP and the translation of BACE1, since oxidative DNA damage
